The tumor suppressor p53 is one of the most important regulators of cell proliferation, and its gene is frequently mutated in human cancers (21) . The p53 protein is a potent transcription factor that can activate target genes and initiate growth arrest, DNA repair, and apoptosis in response to cellular genotoxic stress, e.g., DNA damage, oncogene activation, and hypoxia (15, 26) . One of the gene products induced by p53 is p21 waf1 , an inhibitor of cyclin-dependent kinases, which can initiate cell cycle arrest (12, 17) . Other targets include GADD45, MDM2, cyclin G, and Bax genes, whose gene products function as regulators of several aspects of cell growth (27, 31, 49) .
p53 is tightly regulated, and its protein level in normal cells is very low. The p53 protein is regulated largely at the posttranslational level through its interaction with MDM2. The MDM2 protein restricts p53 transactivation function by binding to the N-terminal domain of p53, mediating ubiquitination and rapid degradation of p53 by the proteasome (20, 28, 50, 51) . Since p53 stimulates the production of its inhibitor, MDM2 is an important negative-feedback regulator of p53. In cancer cells, mutant p53 loses its transactivation function and does not induce MDM2 gene expression. Therefore mutant p53 is not degraded and its half-life in cells is prolonged (7) . While many have attributed p53 overexpression to the presence of a mutated protein (54) , the presence of MDM2 does not explain why elevated levels of wild-type p53 can be sustained in cancers. Thus, detection of p53 in colon cancer does not always correlate with the presence of p53 gene mutations (13) . Although viral proteins can also bind and stabilize mutant p53, few cellular proteins other than MDM2 and p14ARF have been reported to regulate p53 levels (49) . This suggests that there may be other mechanisms recruited to increase wild-type p53. p53 mutant status is clinically relevant since those cancers expressing wild-type p53 appear to be more sensitive to chemotherapeutic agents (33) .
ZBP-89 (BFCOL1, BERF1, ZNF 148) is a zinc finger transcription factor that is universally expressed (34) . It has been shown that ZBP-89 binds to GC-rich DNA elements in promoters involved in cell growth regulation, e.g., promoters for gastrin, ornithine decarboxylase, and the cyclin-dependent kinase inhibitor p21 waf1 (5, 18, 30, 34) . However, its ability to regulate cell growth has not been extensively demonstrated. For the rat pituitary adenoma cell line GH4, we showed that elevated expression of ZBP-89 inhibits cell proliferation (39) . ZBP-89 expression is significantly induced by trans-retinoic acid or butyrate, which also induces terminal differentiation of a colon cancer cell line (5, 9) . Moreover, we recently found that ZBP-89 cooperates with p300 to potentiate the butyrate-induced activation of p21 waf1 (5) . Studies by Hasegawa et al. have shown that BFCOL1, the mouse homologue of ZBP-89, interacts with a GADD34-like protein (19) . The GADD34 gene is a growth arrest-associated gene that can be induced by DNA damage (55) .
Because p53 and ZBP-89 are both implicated in the regulation of p21 waf1 expression and control of cell growth, we investigated the possibility of a functional interaction between p53 and ZBP-89. We demonstrate here that elevated levels of ZBP-89 induce growth arrest and apoptosis in human gastrointestinal cell lines. Furthermore, we show that ZBP-89 stabilizes p53 through direct protein contact and retention in the nucleus, which subsequently potentiates the transcriptional ac-tivity of p53. In addition, the p53R273H mutant, which is common in human colon and stomach tumors, is resistant to ZBP-89-mediated stabilization. These results strongly suggest that ZBP-89 regulates cell growth through stabilization of the p53 protein.
PBS containing 25 g of propidium iodide/ml and 0.1% RNase A, and then incubated at 37°C for 1 h. The DNA content was measured using a FACSCaliber (Becton Dickinson). The data were plotted using Cell Quest software (Becton Dickinson). At least 10,000 events were analyzed for each sample.
TUNEL assay. Cells were grown on glass coverslips and infected with recombinant adenoviruses at an MOI of 10. Terminal deoxynucleotidyltransferasemediated dUTP nick end labeling (TUNEL) assays were performed using an in vitro cell death detection kit (Roche) according to the manufacturer's instructions.
Immunoblot analyses. Rabbit anti-Mdm2, -p53, -p21 waf1 , -p14ARF, and -actin, mouse anti-p53 (DO-1); and mouse immunoglobulin G (IgG) were purchased from Santa Cruz Biotechnology. The rabbit ZBP-89 antibody has been previously described (47) . The mouse monoclonal Flag M2 antibody was purchased from Sigma. Mouse monoclonal anti-␤-galactosidase and rabbit anticaspase 3 antibodies were obtained from Oncogene Science. Whole-cell extracts were prepared in lysis buffer (20 mM Tris-HCl [pH 7.4], 200 mM NaCl, 0.1% Nonidet P-40, 0.5 mM EDTA, 1 mM dithiothreitol [DTT] ) and analyzed by immunoblotting as described previously (5) . Coprecipitation of p53 or ZBP-89 was carried out using whole-cell extracts and specific antibodies as described previously (5) .
Immunofluorescence. Cells were grown on coverslips transfected with various plasmids or infected with recombinant adenoviruses at an MOI of 10. Forty hours later, the cells were washed twice with PBS, fixed in 4% paraformaldehyde in PBS for 20 min, and then permeabilized with 0.1% Nonidet P-40 in PBS for 10 min. The cells were washed again with PBS and blocked with 10% fetal calf serum (FCS) at 37°C for 30 min. The primary rabbit anti-ZBP-89 IgGs (1:500 dilution) or mouse anti-p53 (1:200 dilution) antibodies were added to the coverslips in PBS with 5% FCS at room temperature for 1 h. After being washed with PBS, the coverslips were incubated with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (1:200 dilution) or Texas red-conjugated anti-rabbit IgG (1:500) at room temperature for 1 h. After being mounted, the cells were visualized with an Olympus BX60 fluorescence microscope and photographed with the digital SPOT camera (Diagnostic Inst.).
For 5-bromo-2Ј-deoxyuridine (BrdU) labeling, 24 h after transfection, the cells were cultured in DMEM with 10% FBS and 100 M BrdU (Sigma) for an additional 24 h. The cells were washed with PBS, fixed with 4% paraformaldehyde in PBS, permeabilized with 0.25% Triton X-100 in PBS for 10 min, and then washed with PBS followed by distilled water. The cells were treated with 2 N HCl at room temperature for 30 min to denature the DNA, neutralized with 0.1 M sodium borate at room temperature for 5 min, and then washed with PBS. A mouse monoclonal antibody against BrdU (1:50 dilution) was added to the Human-mouse heterokaryon assay. AGS cells were cultured in six-well plates and transfected with 2 g of the pcDNA3-Flag-ZBP-89 expression vector or the pcDNA3 empty vector. Twenty-four hours after transfection, the cells were trypsinized, mixed with p53-deficient MEF cells at a ratio of 1:1, and seeded on glass coverslips. Sixteen hours later, the cells were treated with 100 g of cycloheximide/ml for 25 min at 37°C, and then cell fusion was induced by 50% (wt/vol) polyethylene glycol 8000 (Sigma) in DMEM for 2 min. The cells were then incubated at 37°C for 1 h in the presence of 100 g of cycloheximide/ml. Subsequently, the cells were fixed with 4% paraformaldehyde in PBS for 15 min at 4°C and permeabilized with 0.2% Triton X-100 in PBS for 5 min at 4°C. After being washed three times with PBS containing 0.5% bovine serum albumin (BSA), the cells were blocked with PBS containing 0.5% BSA and 10% normal goat serum for 1 h at room temperature. The cells were first incubated with mouse anti-p53 (DO-1; Santa Cruz Biotechnology; 1:400 dilution) and rabbit anti-ZBP-89 IgG (0.4 g/ml) for 1 h at room temperature and rinsed. Then they were incubated with Texas red-conjugated goat anti-rabbit IgG (Becton Dickinson, 1:500)-FITC-conjugated goat anti-mouse IgG (Becton Dickinson; 1:200)-4Ј,6-diamidino-2-phenylindole (DAPI) (Sigma, 5 ng/ml) for an additional hour at room temperature.
Measurement of p53 protein stability. The cells were infected with control Ad5-␤-gal or Ad5-ZBP-89 adenoviruses at an MOI of 10. Eighteen hours later, the infected cells were prestarved by replacing the culture media with DMEM without L-methionine for 30 min at 37°C. The cells, at a concentration of 6 ϫ 10 5 cells/ml, were labeled in vivo with 100 Ci of [ 35 S]methionine/ml (Amersham) for 30 min. After being labeled, the cells were immediately washed one time with DMEM containing 5 mM L-methionine and 5% FBS and then incubated in the same medium for various chase times. The cells were harvested and labeled, and p53 proteins were immunoprecipitated as described above. Labeled p53 was visualized by autoradiography and quantified using a PhosphorImager (Molecular Dynamics). Background was calculated from the same area in each lane and subtracted from the value for labeled p53 in that lane. At time zero, the p53 protein amount was set at 100%. The data were plotted on a semilog scale and calculated using nonlinear regression with the Prism program (GraphPad Software, San Diego, Calif.).
In vitro transcription and translation and protein binding assays. [ 35 S]methionine-labeled p53 and ZBP-89 were synthesized by the TNT quick-coupled transcription/translation system (Promega) using pBS-p53 or pcDNA3-Flag-ZBP-89 as the template. To determine the binding of radioactive proteins to recombinant GST fusion proteins, [ 35 S]methionine-labeled p53 and ZBP-89 were produced by in vitro transcription and translation as described above. The translation products were then incubated with various GST fusion proteins immobilized on beads in the binding buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM EDTA, 0.2% Nonidet P-40, 1 mM DTT, 2 mg of BSA/ml) for 1 h at 4°C. The pellets were washed with binding buffer five times. Coprecipitated proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by Coomassie blue staining and autoradiography.
Alternatively, in vitro-translated proteins were mixed with the products of parallel in vitro translation reactions carried out in the presence of nonradioactive methionine only. Briefly, 2 l of each of the translation product was mixed in a final volume of 250 l containing 20 mM HEPES, pH 7.5, 40 mM KCl, 3 mM MgCl 2 , 1 mM DTT, and 5% glycerol at 4°C for 1 h. At the completion of the incubation, 2 g of affinity-purified rabbit anti-ZBP-89 IgG, p53 polyclonal antibody, or preimmune serum was added to the reaction mixture, which was gently rotated overnight at 4°C. Twenty microliters of packed protein A and G-Sepharose beads (Santa Cruz Biotechnology) was then added to each reaction mixture, and the incubation was continued for 1 h at 4°C. The beads were washed three times with the incubation buffer and resuspended in 2ϫ SDS sample buffer before electrophoresis. Coprecipitated radioactive proteins were analyzed by SDS-PAGE followed by autoradiography as described above. Two microliters of each translated product was diluted in 100 l of binding buffer, and 20 l of the dilution was loaded as the input.
RNA isolation and Northern blotting. Total RNAs were isolated from AGS and HCT 116 p53 ϩ/ϩ cells using TRIZOL reagent (Life Technologies). Twenty micrograms of total RNA was size-fractionated on 1.2% agarose gels containing 2.4 M formaldehyde and transferred to nylon membranes (Hybond N ϩ ; Amersham). Hybridizations and washings were performed under high-stringency conditions using ExpressHyb (Clontech). A 32 P-labeled p53 riboprobe was prepared from the T3 promoter after linearizing the pBS-p53 plasmid with NcoI using the MAXIscript kit (Ambion). To control for the loading of RNA samples, the blot was stripped and reprobed with a radiolabeled glyceraldehyde-3-phosphate dehydrogenase (GAPDH) riboprobe transcribed from pTRI-hGAPDH (Ambion). Next, we used flow cytometry to determine if overexpression of ZBP-89 regulated cell growth. AGS cells infected with control recombinant virus, Ad5-vector, or Ad5-␤-gal had no effect on the cell cycle and were the same as mock-infected cells ( Fig.  2A ). However, cell proliferation was inhibited after infection with Ad5-ZBP-89. The percentages of G 0 /G 1 -and G 2 /M-phase cells were increased from 50 to 62% and 22 to 30%, respectively, whereas the S-phase population sharply decreased from 27% in the controls to 7% in the ZBP-89-expressing cells. Consistent with the flow cytometry, immunofluorescence revealed reduced or absent DNA synthesis, as indicated by deceased BrdU incorporation in cells expressing ZBP-89 (Fig.  2B) . Collectively, these data show that overexpression of ZBP-89 induces growth arrest in AGS cells primarily by suppressing the S phase of the cell cycle.
RESULTS

ZBP
Twenty-four to 48 h after infection with Ad5-ZBP-89, AGS cells showed condensed nuclei, nuclear blebbing, and floating dead cells, which were not evident in cells infected with the control virus, Ad5-vector, or Ad5-␤-gal at the same MOI. To determine whether these morphological changes correlated with apoptosis, infected cells were cultured for 48 h and then analyzed for the presence of DNA fragmentation using the TUNEL assay and flow cytometry ( Fig. 2C and D) . Quantitative analysis of apoptosis by flow cytometry revealed a fourfold increase in the sub-G 1 cell populations with ZBP-89 overexpression (Fig. 2D) . Cells undergoing apoptosis activate a family of cysteine proteases called caspases, which play a central role in the execution of apoptosis (11) . Caspases are usually synthesized as inactive proenzymes (zymogens) and then are proteolytically cleaved to release the active forms. The 32-kDa procaspase 3 enzyme is cleaved into the active 17-and 11-kDa subunits at multiple aspartic acid residues. Activated caspase 3 participates in the proteolysis of several important effector molecules, such as PARP, the poly(ADP-ribose) polymerase that takes part mainly in regulation of DNA repair in the nucleus, and Bcl-2 (11). Therefore, we performed immunoblot analysis to assess whether protein levels of procaspase 3 are altered with ZBP-89 overexpression (Fig. 3A) . Indeed, procaspase 3 levels decreased with ZBP-89 overexpression, consistent with the TUNEL assay and flow-cytometric indicators of apoptosis.
ZBP-89 increases wild-type p53 protein levels. Since p53 mediates cell cycle arrest and apoptosis and since both p53 and ZBP-89 stimulate the p21 waf1 promoter, we examined whether ZBP-89 might regulate p53. Expression of both the p53 and (Fig. 3A) . As observed for ZBP-89, p53 arrests the cell cycle at both the G 1 /S and G 2 /M interfaces (8) . Similarly, their common target, p21
waf1 , also inhibits cell proliferation at both the G 1 /S and the G 2 /M transitions (49) . Colocalization of ZBP-89 and p53 expression by immunofluorescence demonstrated that p53 and ZBP-89 occupy the nuclear compartment (Fig. 3B) . Thus, we concluded from these studies that p53 may also be a downstream target of ZBP-89.
These results raised the question of whether ZBP-89 stimulates growth arrest and apoptosis in a p53-dependent manner. To examine this question, Ad5-ZBP-89 was used to infect HCT 116 p53 wild-type and null cells (Fig. 3C and D) . Therefore we concluded that the S phase inhibition mediated by ZBP-89 is p53 dependent. There was no change in the number of cells entering the sub-G 1 phase, demonstrating that ZBP-89-induced apoptosis is p53 independent (Fig. 3D) .
Overexpression of ZBP-89 inhibits cell growth primarily by reducing the number of cells in S phase. Since this process is p53 dependent, we examined whether physiological arrest of cell growth by serum starvation stimulates ZBP-89 expression. AGS cells were placed in serum-free media for up to 24 h. Whole-cell extracts were prepared for immunoblot analysis at 0, 4, 8, 16, and 24 h (Fig. 4A) . The results show that an increase in endogenous ZBP-89 protein occurs within 4 h of serum removal. This increase occurred before the rise in p53 protein levels, which was evident by 16 h. It is known that p53 protein levels may stabilize due to an increase in p14ARF activity (37, 46) ; however there was no change in p14ARF protein levels during the first 24 h of serum starvation. Since changes in p53 protein levels frequently occur as a result of protein-protein interactions (15), we examined whether ZBP-89 induced during serum starvation formed a complex with p53. The results indicate that ZBP-89 coprecipitates with p53 (Fig. 4B ). Therefore both physiological induction and overexpression of ZBP-89 increase p53 protein levels.
ZBP-89 stabilizes the wild-type p53 protein.
To examine further whether ZBP-89 increases the p53 protein through a transcriptional or translational mechanism, we determined the level of p53 mRNA by Northern blot analysis with the AGS gastric cancer cell line and the HCT 116 colon cancer cell line (Fig. 5A ). Both cell lines express low levels of wild-type p53 protein. There was no increase in the amount of p53 mRNA observed in either cell line with ZBP-89 overexpression. In addition, cotransfection of a p53 reporter and ZBP-89 expression vector did not result in an increase in p53 promoter activity (data not shown). Thus, we concluded that ZBP-89 did not increase p53 by transcriptional or posttranscriptional mechanisms. It has been reported that hypoxia-inducible factor 1␣ (1) and BRCA1 (45) increase p53 protein levels through protein stabilization. Therefore, to examine whether ZBP-89 increases p53 protein levels by a similar mechanism, we performed pulse-chase analysis. In mock-and control adenovirusinfected cells, the half-life of wild-type p53 was ϳ30 min as previously reported (1, 3) , whereas the p53 protein from Ad5-ZBP-89-infected cells had a half-life of ϳ85 min (Fig. 5B and  C) . Similar results were also obtained with HCT 116 cells (data not shown). These data indicate that ZBP-89 stabilizes the wild-type p53 protein.
Direct interaction between ZBP-89 and p53. Since ZBP-89 stabilized the p53 protein, we queried whether this occurs by direct contact. The p53 protein participates in multiple protein-protein interactions that modulate its activity in a variety of ways, including protein stabilization (1, 38) . In an effort to determine whether ZBP-89 stabilizes p53 through direct contact, protein binding assays were performed. AGS cells were mock infected or infected with ZBP-89-containing recombinant adenovirus. Cell extracts were subjected to immunoprecipitation with a rabbit polyclonal p53 antibody followed by immunoblotting with mouse anti-Flag M2 to detect transfected ZBP-89, with rabbit anti-ZBP-89 to detect endogenous and transfected proteins, or with the mouse anti-p53 antibody to detect the p53 protein. Figure 6A shows that ZBP-89 coprecipitated with p53. Moreover, coprecipitation was also performed using unlabeled in vitro-translated or [ 35 S]methioninelabeled ZBP-89 or p53 proteins. ZBP-89 coprecipitated with the p53 antibody, and p53 coprecipitated with the ZBP-89 antibody. Neither protein was immunoprecipitated with preimmune serum (Fig. 5B) .
To identify the domains that mediated the interaction between ZBP-89 and p53, we carried out GST pull-down experiments. Various recombinant ZBP-89 deletion mutants were (Fig. 6C) . This result demonstrated that the ZBP-89-p53 interaction occurs exclusively through the zinc fingers of ZBP-89. Note that the 53-and 40-kDa forms (translated from an internal translation start site) both bound to ZBP-89. The presence of the 40-kDa form suggested that the N-terminal domain of p53 is not required for the ZBP-89 interaction.
To directly identify the p53 domain that is required for the interaction with ZBP-89, [ 35 S]methionine-labeled, in vitrotranslated ZBP-89 was incubated with various immobilized GST-p53 fusion proteins and analyzed as described above (Fig.  6D) . Mutants comprising the DNA binding domain or C-terminal domain alone or together were able to interact with ZBP-89 (Fig. 6D ). This result is somewhat consistent with the site of interaction for BRCA1, which stabilizes p53 by binding to its C terminus and enhancing its transcriptional activation (45, 56) . To exclude the possibility that the in vitro proteinprotein interaction was due to binding to nucleic acids, the pull-down assay was performed in the presence of ethidium bromide and revealed no difference in the protein-protein interaction (Fig. 6E) . Thus, the zinc finger domain of ZBP-89 physically interacts with the DNA binding and C-terminal domains of p53 to stabilize the protein (Fig. 6F) .
ZBP-89 enhances p53 transcriptional activation. Since ZBP-89 stabilizes p53 through direct protein interaction, we examined whether this translated into an increase in p53 transcriptional activation. An important function of p53 is to transactivate downstream target genes through direct DNA binding. To determine whether the elevated protein levels of p53 induced by ZBP-89 resulted in higher p53-specific transcriptional activity, HCT 116 p53 null cells were cotransfected with p53 and/or ZBP-89 expression vectors and p53 reporter constructs. ZBP-89 alone had no effect on the PG13 reporter but significantly potentiated p53 transcriptional activity (Fig. 7A) . This result was consistent with the inability of ZBP-89 overexpression to stimulate p53 gene expression and p53 reporter constructs. p53 alone or with ZBP-89 had no effect on the MG15 reporter, which contains 15 copies of the mutant p53 binding /2300-Luc reporter, which contains two endogenous p53 binding sites (12) (Fig. 7B) . The results show that ZBP-89 potentiated p53 activation of the p21 waf1 promoter. In the absence of wild-type p53, ZBP-89 alone did not activate the p21 waf1 promoter, as we have shown previously for the colon cancer cell line HT-29 expressing mutant p53 (5). An immunoblot confirmed (Fig.   7C ) that there was a substantial accumulation of wild-type p53 protein in HCT 116 Ϫ/Ϫ cells cotransfected with both ZBP-89 and p53 expression vectors compared to that in cells transfected with p53 alone.
ZBP-89 induced accumulation of the p53 protein in both gastric (AGS) and colon (HCT 116) cell lines that express small amounts of wild-type p53 (Fig. 8A) . By contrast, ZBP-89 did not stabilize p53 in the HT-29 colon cancer cell line that expresses mutant p53 (Fig. 8A) . The p53 mutation in this cell line is R273H, which is a common mutation in both colon and gastric cancers (40, 42) . The p53R273H mutant did not prevent ZBP-89 binding as shown in the GST pull-down assay (Fig.  8B) . The R273H mutation abolishes the transactivation function of p53 as previously reported (42), and cotransfection with ZBP-89 did not overcome the transcriptional inhibition (Fig.  8C) . To ensure that the lack of stabilization in HT-29 cells was due to the mutation and not to other genetic abnormalities, we cotransfected the p53R273H mutant expression vector into HCT 116 p53 null cells. As observed for the HT-29 cell line, ZBP-89 was not able to stabilize the mutant p53 protein (compare Fig. 8D and 7C ). Together, these data indicate that ZBP-89 enhances the transcriptional activity of wild-type p53 by stabilizing protein levels whereas mutations prevent the accumulation of the p53 protein. Therefore, ZBP-89 does not appear to contribute to the accumulation of at least some mutant forms of p53.
ZBP-89 does not prevent the interaction between MDM2 and p53. Wild-type p53 usually has a very short half-life in normal cells. This is largely due to MDM2-directed degradation. MDM2 binds to p53 and promotes its ubiquitination and subsequent degradation by the proteasome (20, 28) . Inhibition of this degradation is the primary mechanism that results in stabilization of wild-type and mutant p53 proteins (43) and may be accomplished by inhibiting MDM2 activity (3). p14ARF forms a complex with MDM2 and p53 and inhibits MDM2-directed degradation (48) . However, p14ARF protein levels remained unchanged during serum starvation and the subsequent rise in ZBP-89 and p53 protein levels, suggesting that p14ARF was not required (Fig. 4) . Therefore, we examined whether MDM2 levels are altered or whether the MDM2-p53 interaction is disrupted. We found that enhanced expression of ZBP-89 had no effect on total cell MDM2 protein levels (Fig. 9A) . In addition, overexpression of ZBP-89 did not prevent MDM2 from forming a complex with p53 (Fig. 9B ). These results demonstrate that ZBP-89 stabilizes the p53 protein independently of MDM2.
ZBP-89 retains p53 in the nucleus. Since ZBP-89-mediated stabilization of p53 was independent of p14ARF and MDM2, we used heterokaryon assays to examine whether ZBP-89 overexpression retained p53 in the nucleus. The results show that endogenous p53 in human AGS cells translocates to the mouse MEF p53 null cell nucleus in the absence of ZBP-89 overexpression (Fig. 10) . However, in AGS cells overexpressing ZBP-89 that are fused to mouse p53 null cells, p53 is retained in the AGS cell nucleus. These results demonstrate that ZBP-89 prevents p53 nuclear export (Fig. 10) .
DISCUSSION
The results in this study establish a fundamental role for ZBP-89 in the regulation of cell proliferation. Elevated expres- sion of ZBP-89 induced growth arrest and apoptosis. However, the S-phase inhibition observed with ZBP-89 overexpression was abolished in a p53 null cell line. This result confirmed that the growth arrest mediated by ZBP-89 was p53 dependent whereas ZBP-89-mediated apoptosis was p53 independent. Elevated levels of ZBP-89 stabilize the p53 protein through direct physical contact, which potentiates the transcriptional activation of both a synthetic p53-responsive reporter and its endogenous target, the p21 waf1 gene. The potentiation was p53 dependent since ZBP-89 could not activate the promoter in the absence of the p53 protein. Similarly, our prior study showed that ZBP-89 activation of the p21 waf1 promoter is butyrate FIG. 10 . ZBP-89 prevents the nuclear export of p53. AGS cells were transfected with the pcDNA3 empty vector or the pcDNA3-Flag-ZBP-89 expression vector. Forty hours after transfection, the heterokaryon assay was performed as described in Materials and Methods. Phase-contrast optics were used to confirm the fusion of AGS (arrows) with MEF p53 null cells. The nucleus was stained with DAPI and visualized using a UV filter (blue). p53 was stained with a FITC-labeled anti-mouse IgG (green), and ZBP-89 was stained with a Texas red-conjugated anti-rabbit IgG (red). dependent in a p53-deficient cell line and that ZBP-89 exerts no transcriptional regulation on the p21 waf1 promoter alone (5). ZBP-89 binds directly to the p21 waf1 promoter (5, 19) , but, in the absence of p53, ZBP-89 requires recruitment of a histone acetylase and inhibition of deacetylase activity (5). Thus both p53 and p21 waf1 appear to be downstream targets of ZBP-89. Accumulation of p53 is normally transient due to the induction of the p53 inhibitor MDM2 or decreased p14ARF activity. This raised the possibility that ZBP-89 might affect p53 protein levels by modulating p14ARF or MDM2 expression. However, both the MDM2-p53 interaction and p14ARF levels remained unperturbed despite elevated levels of ZBP-89. Thus ZBP-89 was able to overcome the tendency for p53 to be rapidly degraded by binding to a site distal to the MDM2 binding domain and formation of the p14ARF-MDM1-p53 trimeric complex, thereby preventing p53 nuclear export.
In transiently cotransfected HCT 116 p53 null cells, ZBP-89 caused an approximately five-to eightfold increase in cotransfected p53 protein, whereas the transcriptional activity of transfected p53 alone was potentiated only approximately twofold. The discrepancy between protein levels and activity is consistent with another report showing that stabilized p53 is not able to totally regain its transcriptional activation due to the formation of a trimeric complex containing MDM2, p53, and the retinoblastoma protein (23) . Further, the accumulation of p53 mediated by ZBP-89 may not directly translate to transcriptional activity due to the inhibitory effects of MDM2 suppressing the overall level of transcription.
A major mechanism that results in p53 stabilization involves activation of tumor suppressor protein p14ARF (mouse p19ARF) (37, 46 ). An increase in the activity of p14ARF promotes sequestration and degradation of MDM2, thereby reducing its activity (51) . p14ARF binds directly to MDM2 in a region distinct from the p53 binding domain and therefore does not disrupt the interaction between p53 and MDM2. The tumor suppressor protein BRCA1 (45, 56) and oncogene products, such as c-Abl, c-Myc, Ras, and E1A (10, 36, 44, 57) , stabilize p53 through activation of p14ARF. For BRCA1, overexpression induces p14ARF expression, which in turn inhibits MDM2 (45, 56) . p14ARF is required for the BRCA1 effect since overexpression of this tumor suppressor protein in p14ARF-deficient cells failed to induce accumulation of wildtype p53 (45, 56) . BRCA1 binds to the C terminus of wild-type p53 and stabilizes the protein through direct binding. While BRCA1 induces accumulation of wild-type p53, its overexpression failed to induce accumulation of mutant p53. These studies were carried out with a prostate cell line (DU-145) which has a double point mutation of p53 (14) . Since BRCA1 and ZBP-89 both bind to the C terminus of p53 and preferentially stabilize wild-type over mutant forms of p53, we considered the possibility that ZBP-89 might also stabilize p53 in a p14ARF-dependent manner. However, the time course of serum starvation and lack of correlation with p14ARF protein expression diminished the likelihood that this tumor suppressor is required for the ZBP-89-induced stability of p53.
Most of the p53 mutations that occur in cancer are located in the DNA binding domain and effectively block its transactivating activity. p53 mutations also prevent MDM2 from targeting the protein for degradation, allowing mutant forms of p53 to accumulate in the cell (6) . Elevated mutant forms of p53 are thought to have a deleterious effect on p53 function by dimerizing with the remaining normal p53 proteins in the cell (7, 42) . We found that a single p53 mutation, R273H, prevented ZBP-89 from inducing accumulation of the mutant p53 protein. Thus it appears so far that the effect of ZBP-89 on the p53 protein is specific for the wild-type form. This result may have relevance in cancers that tend to accumulate wild-type rather than mutant p53 despite activation of oncogenes or other cell stresses (13) . Cancer cells that accumulate wild-type p53 tend to undergo apoptosis and are more susceptible to radiotherapy and chemotherapy (33) . Therefore, the studies described here may further our understanding of how wildtype p53 might accumulate in transformed cells.
p53 may accumulate in cells due to mechanisms that interfere with MDM2 binding or activity. This may be accomplished by phosphorylation of the p53 N-terminal domain, subsequently blocking MDM2 binding and activity (2) . It is not clear how the ZBP-89-p53-MDM2 trimeric complex protects p53 from MDM2-mediated degradation. However, the heterokaryon assay clearly demonstrated that elevated levels of ZBP-89 prevent p53 nuclear export. The knowledge that ZBP-89 binds preferentially to the middle (DNA binding) and C-terminal domains of p53 and not to the N-terminal domain, recognized by the MDM2-p14ARF complex, suggests that an alternative mechanism is employed to stabilize p53. It has been shown recently that both the DNA binding domain and extreme C terminus of p53 are necessary for MDM2-mediated degradation (2, 29) . Partial deletions or mutations of the p53 C terminus interrupt MDM2-directed degradation (29) . A recent study shows that p53 C-terminal lysine residues are the main sites of MDM2-mediated ubiquitin ligation, which targets p53 for proteasome degradation (41) . Modifications of the p53 C terminus, including phosphorylation (24, 52) and acetylation (4, 16, 32, 53) , enhance the transcriptional activity of p53. Acetylation of p53 at these C-terminal lysines prevents nuclear ubiquitination (35) . Further, histone acetylase coactivator p300 binds the N-terminal domain of ZBP-89 and the C-terminal domain of p53 (5, 32) . Thus, ZBP-89 may protect p53 from MDM2-mediated degradation by sterically masking the sites on p53 that confer sensitivity to degradation or by recruiting p300 to modify p53 through increased acetylation. This hypothesis would explain why the cellular MDM2 protein levels are not directly affected by ZBP-89 overexpression. Collectively, the results reported here reveal a novel function of ZBP-89 that supports its physiological role in growth regulation through a p53-dependent mechanism.
